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Electromagnetic nondestructive testing (NDT) methods use 
frequencies ranging from low (de) to high (microwave) frequencies [1) . 
Applications of numerical methods to model two- and three-dimensional 
low-frequency (de or eddy current) nondestructive testing phenomena, 
where displacement currents can be omitted, were extensively examined, 
[2,3) . These are all interior boundary value problems . Finite element 
study of ultrasonic wave propagation and scattering in metals, which is 
again an interior boundary value problem, was recently reported in 
[4). However, modeling of wave propagation for high-frequency NDT 
problems have not yet been attempted. Recently, finite difference 
methods in time domain have been successfully applied to solve 
transient electromagnetic wave propagation problems over the atmospherf 
and the ground [5), and time-dependent eddy current problems [6) . The 
method used here is a generalization of this work and is designed for 
numerical modeling of high-frequency electromagnetic wave propagatio.l 
arising from nondestructive testing applications. The physical 
situation includes examination of the scattering effects by cracks 
inside a piece of material (especially dielectrics) or due to surface 
variations when the material is illuminated by a TM plane wave. This 
leads to an interface type problem. The two-dimensional domain is 
truncated at an artificial boundary on which a local absorbing boundary 
condition must be satisfied. Related to the present work, we refer to 
the FDTD solution of Maxwell's equations [7) wherein the associated 
references can be found. We also refer to a recent tutorial [8) on the 
point-matched time-domain finite element methods for electromagnetic 
radiation and scattering. 
The present paper concentrates on some simple models involving 
various material interfaces and examines the implementation of radiation 
conditions in finite difference schemes for the truncated space domain, 
and the field response when the material with various defects is 
illuminated by various wave inputs such as horizontal or oblique plane 
wave incidence. 
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BASIC EQUATIONS 
A typical situation is depicted in Figure 1, where the region is 
composed of two parts. The first part is assumed to be the free-space 
with parameters (ea,aa = 0). The source is located in this part of the 
solution domain. The medium below is the material under testing, 
typically a dielectric, with parameters (em am) . We require that am be 
very small compared with the conductivity ot a good conductor since we 
consider the high-frequency incidence . We assume that defects exist in 
the material, such as surface variations, inclusions (buried or surface 
breaking), etc. Since these materials behave like scatterers, we denote 
their parameters by (es as). We also assume that all materials have the 
permeability of free-space ~0 • 
For TM field incidence, we have, from l':axwelJ.. 's equa t:ions, 
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for p- (a,m,s). 
By introducing a scalar functior• 
gets three scalar equations, 
1!1 such that H = l'Vx1llk, , one 
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for p - m,s, where 
k~ = w2 L2 P.of.p for p = a, m,s; l~ = wL2P.ol7p for p = m,s. 
Here, we have scaled the equations by introducing x = x/L, y=y/L, and 
t - wt, but the overlined symbol is omitted for simplicity. Interface 
conditions are obtained from the continuity of the tangential components 
of electric and magnetic fields, 
(5) 
where the plus and minus signs denote the limits as one approaches the 
interface. 
ABSORBING BOUNDARY CONDITIONS 
Since the domain is infinite, one needs to operate within a 
truncated domain. An artificial boundary condition must be specified on 
the truncated boundary to simulate the infinite domain. The mos t 
commonly used radiation boundary condition is the one derived in [9]. 
This is based on the well-known three-dimension expansion due to 
Friedlander [10]. The two-dimensional version can be readily obtained. 
The outgoing solution of the free-space wave equation (4) has the 
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following form in cylindrical coordinates 
f(k4 r-t) ( a1(0) ) ill.(r,O, t) = yr ao(O) + -r- + · · · · (6) 
Eliminating the a 0 (0) term in the expansion yields 
(7) 
To derive an absorbing boundary condition for lossy media , we first 
12 
- "if!tl 
make a transformation, 
(4) (p = m) becomes 
il!(x,y) = e 2 m v(x,y) . . With this, equation 
Taking the Fourier transform with respect to t yields 
whose outgoing solution takes the form 
-l k 2 e + ..Jfl-
• e m 4km ( at ( 0) ) 
v,(r,O) = ------==-r.:-- ao(O) + --+ · ·· . 
vr r 
(8) 
(9) 
(10) 
Again, we obtain a high-frequency boundary condition in the frequency 
domain in the sense of the pseudo-differential operator [11]. 
1 
0( r5/2 ). (11) 
Transforming back to time domain and representing v in terms of w, we 
get 
If 1~ << km, equation (12) degenerates to the free -space boundary 
condition in equation (7). 
FINITE DIFFERENCE FORMULATIONS 
(12) 
To obtain the finite difference schemes, we first use Green's 
theorem on equation (4) to obtain the associated weak forms. The 
radiation boundary conditions (7) and (12) can be incorporated by 
projecting a~s/ar to the normal direction of the artificial boundary to 
obtain aws/an. These are inserted into the weak forms. We then 
discretize the integrals by central difference schemes both in space and 
in time . This provides the following schemes. For inner points, 
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(13) 
For boundary points, the total potential is the superposition of the 
incident wave w1 and the scattered wave W5 , where the latter is given by 
[ 1 + a k~tx + <:~t] wi~Y+I = [ 2 - a~x (~ + c~) 
( ~t ) 2] <•Jk [ ~t 12 J k A wij + -1 + a--+ b-~t W(s)k-1+ 
...,.x ' k~x k2 •,J 
22_( ~t) 2 [ dW(s)k · + ew(s)k · + jw(•)k + gw(•)k - h'T'(s)k] k 2 ~X •-l,J •+1,J l,J-1 •,J+l -., t,J (14) 
where a through hare constant <oefficients. For detailed derivation of 
equations (13) and (14), we refer to (5). 
NUMERICAL EXAMPLES AND DISCUSSION 
The finite difference code has been applied to calculate the field 
distribution for a number of geometrical configurations under plane 
wave incidence. Here, we are interested in high frequency cases (in the 
microwave range). Only one case is reported here for demonstration 
purposes. This sample NDT model is shown in Figure 1 . The media below 
the interface is a dielectric (~0 £ 0 om = 0.05 mho/m) under testing . The 
foreign materi'l inside the testing ma terial is a good conductor 
(~0 £ 0 as- 10 mho/m). The physical dimension is: L=0.2m. We use a 
lOlXlOi mesh to model the given domain, where one conducting cylinder 
occupies 9 grids. 
x -0 
incidcm angle 
(·I.,L ) n .. I.J 
media a 
y=O 
(·L.·L ) (L ,·L) 
Figure 1 Geometr ical Conf i guration 
262 
The integral approach to solve this type of problem is usually very 
difficult because the Green's function contains a Sommerfeld type 
integral, which has to be evaluated by careful numerical procedures, 
such as steepest descent, deformation of integral paths , etc. However , 
this model can be easily solved by the present method a t high 
frequencies due to the effectiveness of the local absorbing boundary 
conditions. 
To simulate a high frequency electromagnetic wave NDT case, we 
assume that an oblique plane wave is sent from the ambient media. Then 
the incident wave will penetrate into and reflect from the material 
surface. Figure 2 is the field contour plotting for 45 incidence with 
respect to the y-axis, frequency f~4GHz and a~0.05 mho/m, when there are 
no defects in the material being tested. The field distribution is quite 
familiar. Now we introduce inclusions i nto the material . Figure 3 shows 
the wave surface plot 7or such a case, where the conductivity of the 
foreign material is 10 mho/m, and the incidence is the same as above. 
Since the foreign material behaves essentially like a scatterer, the 
penetrating wave will be diffracted by the cylinder. The diffracted wave 
will then propagate through free-space, after a refraction at the 
interface. The field distortion, due to the presence of foreign material 
is detectable on the surface of the material. Figure 4 gives a 
comparison of field distributions just above the material surface. If 
one s ubtracts the two fie l ds, one has the field due to scattering by the 
conducting foreign materials. The corresponding field surface is given 
in Figure 5. 
Figure 2 Contour plotting for oblique incidence 
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Total wave surface with two embedded cylinders 
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Figure 5 Scattered field surface 
CONCLUSIONS 
We have shown that the finite difference method in t ime domain in 
conjunction with a local absorbing boundary condition is eff i cien t 
for numerical modeling of wave propagation in NDT models, for testing 
in the microwave range. The method certainly can be applied to more 
realistic NDT cases. For predicting short time behav iors , a local in 
space, but nonlocal in time r adia tion boundary condition can be applied . 
The method can a l so be applied to low frequency cases [6] as long a s an 
appropriate boundary condition is used, but may be l ess efficient 
because of the large number of time steps required . One problem remains 
unsolved. Since the artificial absorbing boundary condition is, more or 
l ess, frequency -d e pende n t, t h e f ini te differen ce method in t ime domain 
fails for wave input containing low and high frequenci es (e.g., a very 
short pulse input). One remedy is to t ake t he Laplace t ransform, solve a 
sequence of problems in the transformed domain , and then inv oke a 
numerical inversion sch eme to get the transient solution . This approach 
i s currently being investigated by the a u thors. 
REFERENCES 
1 . R. Hochs child, Materia ls Evaluation, 26, No .1, 35A, ( 1968 ) . 
2 . W. Lord, IEEE Transact i ons on Magnet i cs , 19, No. 6, 2437 , ( 1983). 
3. N. I da, and W. Lord, I EEE Trans . Magnetics, £1, No.6 ( 1985) . 
4 . R. Ludwig and W. Lord , Material Eva l uations , 46, No.1 ( 1988) . 
5. S. I . Hariharan, J. S . Wang and B. B. Henrikse n, submi tted to IEEE 
Tra n sactions on Antenna a nd Propagat i on . 
265 
6. M. E. Lee, S. I. Hariharan and N. Ida, ICOMP Report , NASA Lewis 
Research Center, June (1988). 
7. A. Taflove, IEEE Trans. EMC, 22 , No .3, 192, ( 1980). 
8. A. C. Cangellaris, C. C. Lin, and K. K. Mei, IEEE Transactions on 
Antenna and Propagat ion, 35, No.lO, 1160, (1987) . 
9 . A. Bayliss and E. Turkel, Comm. Pure Appl. Math., }1, No.6 (1980). 
10. F. G. Friedlander, Proc . Royal Society London, Ser . A, 269, (1962). 
11. B. Engquist and A. Majda, Math. Comp . , .ll. 629, (1977). 
266 
